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HIGHLIGHTS 


►  Pt-catalyzed  carbon  nanotubes 
(CNT(Pt))  were  synthesized  in 
powder  form. 

►  Current-density  peak-areas  of 
CNT(Pt)  were  increased  by  repeated 
potential  cycles. 

►  Repeated  potential  cycles  induced 
the  formation  of  Pt  nanoparticles 
outside  CNTs. 

►  Extremely  durable  Pt  catalytic 
properties  of  CNT(Pt)  are  useful  for 
fuel  cells. 
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ABSTRACT 


The  Pt-catalyzed  carbon  nanotubes  (CNT(Pt))  synthesized  in  powder  form  manifests  extremely  durable 
Pt  catalytic  properties.  Compared  with  traditional  Pt  nanoparticle  catalysts,  CNT(Pt)  exhibits  abnormally 
increased  cyclic  voltammerty  peak  areas  versus  time.  This  experimental  observation  not  reported 
previously  is  explained  by  the  increased  catalytic  surface  areas  resulting  from  newly  created  crystalline 
Pt  nanoparticles  and  nanosheets  outside  carbon  nanotubes  during  repeated  potential  cycles.  CNT(Pt)  can 
initiate  a  new  phase  of  the  research  taking  an  advantage  of  combined  effects  of  various  properties  of 
CNTs  (for  example,  hydrogen-storage  capability)  and  Pt  (for  example,  high  catalytic  activity). 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Low-temperature  fuel  cells  (LTFCs)  are  promising  candidates  as 
power  sources  for  portable  electronic  devices  and  automobiles  due 
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to  their  high  power  densities  and  relatively  low  operating 
temperatures  (~80  °C).  However,  LTFCs  such  as  direct  methanol 
fuel  cells  (DMFCs),  direct  ethanol  fuel  cells  (DEFCs),  and  proton 
exchange  membrane  fuel  cells  (PEMFCs),  have  critical  problems 
with  durability  that  must  be  solved  [1—10].  It  was  revealed  that  two 
main  factors,  the  agglomeration  and  dissolution  of  Pt  particles, 
used  as  oxygen  reduction  reaction  (ORR)  catalysts  in  LTFCs,  can 
shorten  LTFC  lifetime.  Highly  dispersed  Pt  nanoparticles  supported 
on  carbon  have  been  widely  employed  as  commercial  catalysts  for 
LTFCs  and  have  been  extensively  studied.  Pt  in  nanoparticle 
morphologies  has  high  surface  energies,  inducing  severe  Oswald 
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ripening  [3]  and  grain  growth  during  fuel  cell  operation.  The 
resulting  agglomeration  of  the  Pt  nanoparticles  degrades  catalytic 
performance  due  to  reduced  surface  area.  Therefore,  a  key  chal¬ 
lenge  has  been  improving  the  long-term  stability  of  Pt  catalyst  by 
alleviating  the  dissolution  and  agglomeration  of  highly  dispersed  Pt 
nanoparticles.  A  previous  approach  to  improving  catalytic  dura¬ 
bility  used  one-dimensional  Pt  nanowires  or  nanotubes  as  catalysts 
[1-3].  This  one-dimensional  morphology  makes  Pt  less  vulnerable 
to  dissolution  and  aggregation  than  Pt  nanoparticles  during  fuel 
cell  operation  [3],  Nitrogen-doped  Fe-catalyzed  carbon  nanotubes 
(CNTs)  were  also  reported  to  exhibit  enhanced  catalytic  activity  and 
stability  as  ORR  catalysts  in  LTFCs. 

Here  we  report  the  first  preparation  of  Pt-catalyzed  carbon 
nanotubes  (CNT(Pt))  using  Pt  nanoparticles  supported  on  Vulcan 
XC-72  (Pt /C)  and  methane  by  chemical  vapor  deposition  (CVD),  for 
ORR  catalysts  in  LTFCs.  Unlike  previous  Pt-catalyzed  CNT  synthesis 
[11  ],  our  CNT(Pt)  was  synthesized  without  flat  quartz  substrates  for 
the  purpose  of  mass  production  and  easy  application  as  catalysts.  In 
contrast  to  the  CNTs  used  in  CNT(Pt),  most  CNTs  used  as  supports 
for  Pt  nanoparticles  have  been  synthesized  by  Fe,  Ni,  or  Co  nano¬ 
particle  catalysts  [10].  The  nature  of  the  durability  and  catalytic 
activity  of  CNT(Pt)  was  identified. 

2.  Experimental 

CNT(Pt)  was  synthesized  by  CVD  using  a  commercial  Pt/C 
catalyst  (E-TEK,  58.2  wt%  Pt).  To  prepare  CNT(Pt),  Pt/C  was  placed 
on  an  alumina  boat  inside  the  quartz  tube  of  a  CVD  system.  A 
constant  argon  carrier  gas  flow  of  1000  cm3  min-1  was  passed 


through  the  quartz  tube  while  temperature  was  increased  from 
room  temperature  to  950  °C  at  35  °C  min-1.  Then  at  950  °C  for 
30  min,  argon  gas  flow  was  replaced  with  a  constant  flow  of 
methane  gas  (99.999%)  at  50  cm3  min-1  and  of  hydrogen  gas 
(99.999%)  at  300  cm3  min-1.  After  that,  heating  was  stopped  and 
the  sample  was  cooled  to  room  temperature  under  a  constant 
argon  carrier  gas  flow  of  1000  cm3  min-1.  The  morphologies  and 
nanostructures  of  CNT(Pt)  were  studied  by  F20  Field  Emission 
TEM  (Tecnai,  U.S.A.)  and  S-4800  TEM  (Hitachi,  Japan).  CNT(Pt)  is 
characterized  by  ESCALAB  250  XPS  (VG  Scientifics,  England), 
X’Pert  APD  X-ray  diffractometer  (Philips,  Netherlands),  and  1403 
Raman  spectroscopy  (SPEX,  Japan)  with  an  Ar-ion  laser  beam  of 
514.5  nm.  Cyclic  voltammetry  (CV)  data  for  sample  materials 
loaded  onto  a  Pt  boat  working  electrode,  were  obtained  with 
a  263A  potentiostat/galvanostat  (Princeton  Applied  Research, 
U.S.A.)  by  applying  3000  cycles  of  CV,  between  -0.053  and 
1.297  V,  at  a  scan  rate  of  50  mV  s-1,  in  an  air  saturated  0.5  M 
H2S04  electrolyte  solution.  All  of  the  potentials  experimentally 
measured  with  a  Ag|AgCl  (1M)  reference  electrode  in  this  work 
were  converted  and  reported  versus  the  normal  hydrogen  elec¬ 
trode  (NHE).  For  rotating  disk  electrode  (RDE)  experiments,  the 
mixture  solution  containing  0.002  g  CNT(Pt)  catalyst,  0.01  g 
Nafion  ionomer  solution,  and  0.5  g  H20  was  prepared.  The 
mixture  solution  of  5  pi  (corresponding  to  20  pg  CNT(Pt)  cata¬ 
lyst)  was  placed  on  the  polished  glassy  carbon  RDE  electrode 
(Pine  Research  Instrumentation,  U.S.A.)  of  0.2  cm2  and  dried. 
Then,  the  RDE  experiments  were  performed  in  an  02  saturated 
(99.995%  02)  0.5  M  H2S04  solution  at  speeds  of  200,  400,  800, 
1200,  and  1600  rpm  with  a  scan  rate  of  10  mVs-1. 
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of  (a)  CNT(Pt)  and  (b)  Pt/C  catalysts  in  an  air  saturated  0.5  M  H2S04  so 
alid  line)  and  Pt/C  (red  dotted  line)  catalysts  as  a  function  of  CV  cycling  i 
action  of  CV  cycling  numbers. 
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Fig.  4.  TEM  images  of  CNT(Pt)  after  RPC  (3000  cycles),  (a)  Pt  nanoparticles  (black  spots)  are  diffused  through  the  tip  of  CNT.  Parts  of  Pt  nanoparticles  inside  of  CNTs  are  migrated  to 
the  outside  of  CNTs  so  that  vacant  spaces,  previously  occupied  with  Pt  nanoparticles,  are  shown  at  the  tip  of  CNTs.  (b)  Pt  nanoparticles  (black  spots)  are  diffused  and  migrated 
through  graphene  layers  of  CNT(Pt).  (c)  Vacant  space,  which  was  previously  occupied  with  Pt  particles  shows  a  hole  at  the  tip  of  CNT.  (d)  Pt  nanoparticles  are  diffused  and  migrated 
through  the  graphene  layers  of  CNT(Pt). 
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3.  Results  and  discussion 

Transmission  electron  microscopy  (TEM)  images  of  CNT(Pt) 
indicate  that  the  as-synthesized  CNT(Pt)  have  Pt  nanoparticles 
(darker  spots  in  the  images  in  Fig.  la  and  b)  or  Pt  nanowires  (dark 
nanowires  in  the  images  in  Fig.  lb— d)  embedded  in  the  tips  of  the 
CNTs.  TEM  results  suggest  that  CNTs  were  grown  from  Pt  catalysts 
located  at  the  tips  of  CNTs  via  the  Vapor-Liquid-Solid  (VLS) 
mechanism  [12—17],  The  VLS  growth  mechanism  was  first  devel¬ 
oped  for  the  growth  of  Si  nano  wires  using  an  Au  catalyst,  where  the 
Au  catalysts  are  located  at  the  tip  of  Si  nanowires  [14,15],  as  for  Pt  in 
CNT(Pt).  However,  although  multiwalled  CNTs  (MWCNTs)  using  Fe, 
Ni,  and  Co  catalysts  were  also  grown  via  the  VLS  mechanism,  the 
catalysts  remained  at  the  bottom  of  the  MWCNTs  [12,13].  In  the  VLS 
mechanism  for  CNT(Pt),  as  schematically  shown  in  Fig.  le  and  f,  the 
Pt  catalyst  is  supersaturated  with  carbon  originating  from  CH4 
through  the  chemical  reaction  of  CH4  — ►  C  -  2H2,  and  supersatu¬ 
rated  carbon  builds  CNT  walls.  The  growing  CNTs  push  the  Pt 
catalyst  to  the  tips  of  the  CNTs,  and  at  the  end  of  the  reaction,  the 
supersaturated  liquid  state  Pt  catalyst  solidifies  on  the  tips  of  CNTs, 
creating  Pt  nanoparticles  and  nanowires  inside  the  CNTs.  Conse¬ 
quently,  the  Pt  nanoparticles  and  nanowires  are  encapsulated  by 
the  solidified  supersaturated  carbon.  Bamboo-shaped  CNTs  are 
developed  by  bamboo-shaped  joints  grown  at  the  bottom  of  the  Pt 
catalysts,  as  shown  in  Fig.  lb,  e  and  f. 

The  X-ray  spectroscopy  (XPS)  spectrum  of  the  CNT(Pt)  in  Fig.  2a 
shows  87.67  atomic  %  (at.%)  C,  0.36  at.%  Pt,  and  11.96  at.%  O.  The 
increased  carbon  content  of  CNT(Pt)  suggests  the  added  carbons 
from  CH4  source.  However,  the  Pt  content  of  CNT(Pt)  was  probably 
underestimated  by  XPS  due  to  the  fact  that  the  Pt  of  CNT(Pt)  is 
encapsulated  by  carbon  layers  and  XPS  has  a  shallow  penetration 
depth.  The  Pt  4f  band  energy  region  was  deconvoluted  to  Pt  4f7/2 
and  Pt  4fs/2  signals  in  Fig.  2b.  The  C  Is  energy  region  of  CNT(Pt) 
identifies  sp2  and  sp3  C— C  bonds  and  oxygen  containing  functional 
groups  such  as  0— C=0,  C— OH,  C=0,  and  C— OOH  as  shown  in 
Fig.  2c.  The  XPS  spectrum  in  Fig.  2d  shows  that  the  Pt  5d  band 
provides  the  main  contribution  to  the  valence  band  near  the  Fermi 
energy  of  CNT(Pt).  The  valence  band  characteristics,  especially 
those  of  Pt  5d  bands  near  the  Fermi  energy,  must  play  an  essential 
role  in  determining  the  catalytic  reactivity  because  the  valence 
band,  especially  Pt  5d  band,  directly  correlates  with  the  catalytic 
activity  for  the  ORR  [18], 

Accelerated  durability  tests  (ADT)  of  CNT(Pt)  and  Pt/C  cata¬ 
lysts  were  conducted  by  RPC  in  an  air  saturated  0.5  M  H2S04 
solution  at  a  scan  rate  of  50  mVs-1  and  room  temperature,  as 
shown  in  Fig.  3a  and  b,  respectively.  Interestingly,  the  hydrogen 
desorption  reaction  (HDR)  peak  areas  (measured  between  0.05  V 
and  0.4  V  in  anodic  scans)  of  the  CNT(Pt)  catalysts  were  gradually 
enhanced  to  120  ±  5%  of  the  initial  peak  areas  after  3000  cycles, 
whereas  the  HDR  peak  areas  of  the  Pt/C  catalysts  were  dramat¬ 
ically  reduced  to  54  ±  5%  of  the  initial  peak  areas  (Fig.  3c).  Most 
Pt  catalysts  treated  by  RPC  have  been  reported  to  have  the 
reduction  of  HDR  peak  areas  [19—24]  due  to  dissolution  and 
aggregation  of  Pt  catalysts,  as  observed  with  Pt/C  in  this  work. 
The  increased  HDR  peak  area  of  Pt  by  RPC  observed  in  this  work 
has  never  been  reported.  Fig.  3d  exhibits  that  the  ORR  peak  areas 
of  CNT(Pt)  gradually  increased  up  to  155  ±  5%,  whereas  those  of 
Pt/C  decreased  to  68  ±  5%  after  3000  cycles.  The  increased  ORR 
(measured  between  0.6  V  and  0.85  V  in  cathodic  scans)  and  HDR 
peak  areas  of  CNT(Pt)  are  tentatively  attributed  to  the  increased 
active  sites  of  Pt,  while  Pt  of  Pt/C  lost  the  active  sites  due  to 
dissolution  and  aggregation  of  Pt  catalysts.  Therefore,  the  elec- 
trocatalytic  activity  for  ORR  (consequently,  activity  lifetime  as 
well)  of  CNT(Pt)  and  Pt/C  were  significantly  enhanced  and 
reduced,  respectively,  by  RPC. 


The  morphological  change  of  CNT(Pt)  due  to  RPC  was  investi¬ 
gated  by  TEM  (Fig.  4).  Comparing  the  TEM  images  in  Figs,  lb  and 
4a  indicates  that  the  Pt-catalyst  diameter  in  CNT(Pt)  decreased 
slightly,  and  the  Pt-catalyst  surfaces  became  rough  after  RPC.  In 
addition,  Fig.  4a-d  suggests  that  Pt  catalysts  migrated  to  the 
outside  of  CNT(Pt)  through  the  tips  of  CNT(Pt).  Consequently,  the 
Pt  catalytic  surface  area  not  covered  by  carbon  layers  is  increased. 
This  migration  of  Pt  through  the  tip  of  CNTs  has  not  been  reported 
even  though  the  formation  of  Pt  particles  in  Nafion  polymer 
electrolyte  membranes  in  LTFCs  [25—27]  has  been  observed.  The 
latter  observation  was  explained  that  the  Pt  ions  that  dissolved 
from  the  cathode  electrode  diffused  and  reduced  to  metal  Pt 
particles  in  the  membranes.  The  observed  Pt  migration  in  CNT(Pt) 
probably  occurred  through  a  similar  mechanism  composed  of 
dissolved  Pt  turning  into  Pt  ions  and  the  reduction  of  Pt  ions  to  Pt 
metal  particles  (oxidation  of  Pt  to  Ptz+  (z  =  2,  4)  ions,  hydrogen 
oxidation  and  simultaneous  reduction  of  Ptz+  ions  to  Pt  during 
RPC)  [22],  However,  the  introduction  of  one-dimensional  CNTs 
wrapping  the  Pt  nanoparticles  to  CNT(Pt)  considerably  alleviated 
the  dissolution  and  aggregation  of  the  Pt  particles.  On  the  other 
hand,  Pt  particles  of  Pt/C  grew  as  reported  previously  [3,7],  con¬ 
firming  that  the  major  cause  for  the  CV  peak  area  loss  of  Pt/C 
catalysts  was  Pt  particle  growth  by  Ostwald  ripening  [3,7,22,24], 
The  size  distributions  of  Pt  nanoparticles  before  and  after  RPC 
(Fig.  5a)  were  also  measured  using  TEM  images.  The  populations  of 
small  Pt  nanosheets  or  Pt  nanoparticles  less  than  5-nm  in  length  or 
diameter  increased  after  RPC  as  the  Pt  ions  from  Pt  particles  in 
CNT(Pt)  turned  into  Pt  nanosheets  or  nanoparticles  outside  of 


b 


before  and  after  RPC.  (b)  Schematic  diagram  of  smaller  sized  Pt  nanoparticle  formation 
out  of  CNT(Pt).  Small  circles  and  squares  stand  for  the  Pt  nanoparticles  and  nanosheets, 
respectively. 
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CNTs.  The  scheme  of  this  process  is  shown  in  Fig.  5b.  Production  of 
Pt  nanosheets  or  nanoparticles  outside  of  CNTs  was  confirmed  by 
XRD  patterns  showing  split  signals  after  RPC  with  JCPDS  analysis 
(Fig.  6)  [28].  The  population  ratio  of  Pt  nanoparticles  to  Pt  nano¬ 
sheets  (signals  shifted  to  larger  angles)  was  approximately  1:1. 
XRD  patterns  of  as-synthesized  CNT(Pt),  obtained  with  Cu  Ka 
radiation  at  X  =  1.542  A,  show  characteristic  signals  of  Pt  nano¬ 
particles  at  39.75°,  46.23°,  69.20°,  81.25°  and  85.76°,  identifying 
Pt(lll),  Pt(200),  Pt  (220),  Pt(311),  and  Pt(222)  crystal  planes, 
respectively  (Fig.  6).  The  Pt  crystallites  of  CNT(Pt)  before  and  after 
RPC  were  in  face-centered  cubic  (FCC)  structures,  while  the 


average  size  of  Pt  crystallites  changed  from  0.66  nm  to  1.19  nm 
nanoparticles  and  0.29  nm  nanosheets,  as  calculated  with  Pt(lll) 
data  using  Scherrer’s  equation  [29],  The  Raman  spectra  of  CNT(Pt), 
even  after  RPC  (Fig.  7),  mainly  show  three  characteristic  Raman 
bends  of  MWCNTs,  D  (at  1355.5  cm”1),  C  (at  1597.2  cm’1),  and 
second  order  (at  2699.6  cm-1)  bands  not  drastically  different  from 
those  (at  1347.4, 1587.9,  and  2661.5  cm"1)  of  CNT(Pt)  before  RPC 
[30],  indicating  that  the  CNTs  of  CNT(Pt)  remained  as  MWCNTs 
even  after  RPC.  Thus,  the  increased  CV  peak  areas  of  CNT(Pt)  after 
RPC  demonstrate  that  the  durability  of  CNT(Pt)  is  better  than  that 
of  CNT(M)  (M  =  Fe,  Ni,  or  Co)  [1],  This  is  a  result  of  the  decreased 
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Fig.  6.  (a)  Whole  XRD  spectra  of  CNTfPt)  before  and  after  RPC  (3000  cycles)  and  XRD  spectra  for  each  crystalline  plane  such  as  (b)  Ptflll),  (c)  Pt(200),  (d)  Pt(220),  and  (e)  Pt(311)  of 
CNT(Pt)  before  and  after  RPC.  The  solid  and  dotted  lines  indicate  the  XRD  spectra  before  and  after  RPC,  respectively. 
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Fig.  7.  Raman  spectra  of  CNT(Pt)  before  and  after  RPC  (3000  cycles)  drawn  with  the 
dotted  (bottom)  and  solid  (top)  lines,  respectively. 


dissolution  of  Pt  of  CNT(Pt)  compared  to  M  of  CNT(M)  in  an  0.5  M 
H2S04  solution  during  RPC. 

The  rotating  disk  electrode  (RDE)  data  in  Fig.  8  show  that  ORR 
activity  of  CNT(Pt)  before  and  after  RPC  was  enhanced  by  disk 
rotation  speed.  In  the  slopes  of  Koutecky— Levich  (K— L)  plots  [31  ]  in 
Fig.  8b  and  d,  it  can  be  seen  that  the  number  of  electrons  transferred 
per  O2  molecule  (n)  was  about  2  before  and  after  RPC,  resulting 


from  the  two-electron  oxygen  reduction  processes  producing  H2O2 
(O2  +  2H+  +  2e  — >  H2O2).  The  rate  constant  (k2)  for  the  reaction  at 
CNT(Pt)  after  RPC,  calculated  from  K-L  plot  intercepts,  was 
5.02  x  10-2  cm  s  ',  which  is  5.1  times  greater  than  that  of  CNT(Pt) 
before  RPC  (9.82  x  10-3  cm  s-1).  Because  the  reaction  rate  is 
proportional  to  the  number  of  active  sites  and/or  the  turnover  rate 
[32],  the  number  of  active  Pt  surface  sites  and/or  the  turnover  rate 
at  catalytic  sites  of  CNT(Pt)  must  have  increased  during  RPC.  This  is 
in  agreement  with  the  enhanced  Pt  surface  sites  expected  from  the 
increased  numbers  of  Pt  nanoparticles  and  nanosheets  less  than 
5  nm  outside  of  the  CNTs  (Fig.  5a).  However,  the  greater  enhance¬ 
ment  of  the  reaction  rate  than  the  increased  HDR  amount  ( ~20%), 
which  is  proportional  to  the  increased  active  surface  sites,  indicates 
the  enhanced  turnover  rate  of  CNT(Pt)  after  RPC.  The  variation  of 
the  turnover  rate  for  CNT(Pt)  is  probably  due  to  the  difference  of  the 
turnover  rates  on  Pt  outside  and  inside  of  CNTs.  As  the  more  Pt  is 
present  outside  CNTs,  the  average  turnover  rate  calculated  with  the 
turnover  rates  of  Pt  outside  and  inside  of  CNTs  is  expected  to  be 
larger. 

4.  Conclusions 

In  conclusion,  CNT(Pt)  synthesized  by  a  CVD  method  using  CH4 
gas  and  Pt/C  in  powder  form  manifests  highly  durable  Pt  catalytic 
properties.  RPC  treatment  results  in  the  production  of  smaller  Pt 
particles  not  covered  by  CNTs  out  of  the  Pt  nanoparticles  encap¬ 
sulated  by  CNTs.  Our  results  suggest  that  the  durability  of  Pt 
nanoparticle  catalysts  can  be  improved  by  locating  Pt  nanoparticles 


Potential  (V  versus  NHE)  afw(rad'1/2s'1/2) 


Fig.  8.  (a)  RDE  data  of  CNT(Pt)  before  RPC  with  the  scan  rate  of  10  mVs~’  at  the  rotating  speed  of  100, 200, 400, 800,  and  1600  rpm.  (b)  K-L  plot  of  CNT(Pt)  before  RPC.  (c)  RDE  data 
of  CNT(Pt)  after  RPC  with  the  scan  rate  of  10  mVs^1  at  the  rotating  speed  of  100,  200,  400,  800,  and  1600  rpm.  (d)  K-L  plot  of  CNT(Pt)  after  RPC.  The  insets  show  the  number  of 
electrons  transferred  per  02  molecule  (n). 
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inside  of  one-dimensional  CNTs  and  by  making  the  Pt  nanoparticles 
subsequently  released  from  the  CNT  tips  as  smaller  particles  during 
usage  of  the  catalysts.  As  mass  production  of  CNT(Pt)  in  powder 
form  is  possible,  CNT(Pt)  can  be  used  as  catalysts  with  enhanced 
durability  in  various  applications  such  as  LTFCs  [10],  bio-sensors 
[33],  bio-electronics  [33],  electrochemical  sensors  [34],  microbio 
fuel  cells  [35,36],  drug  delivery  systems  for  a  cancer  [37],  and 
hydrogen-storage  systems  [38].  Furthermore,  CNT(Pt)  can  initiate 
a  new  phase  of  the  research  taking  an  advantage  of  combined 
effects  of  various  properties  of  CNTs  (for  example,  hydrogen- 
storage  capability  [1,38])  and  Pt  (for  example,  high  catalytic 
activity). 
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